Background: Cortisol levels rise with the physiological stress of surgery. Previous stud-
of the immune inflammatory response; and delayed wound healing through its effects on collagen synthesis. Measured serum cortisol levels reflect total cortisol, of which approximately 80% is bound to cortisol-binding globulin (CBG) and 10% to albumin. Therefore, only a small fraction of serum cortisol remains unbound in a biologically active form.
2
Much of our understanding of the perioperative adrenocortical response relates to research conducted half a century ago by Plumpton and Besser.
3 Whilst subsequent studies have measured cortisol in the perioperative setting as a marker of surgical stress, [4] [5] [6] [7] [8] [9] [10] these studies are subject to certain limitations. First, the older studies have used cortisol assays which are now known to be nonspecific and which are generally positively biased in comparison with modern assays aligned to reference methods; second, the studies have usually looked at very specific types of surgery, for example cardiovascular surgery, 5 colorectal surgery, 6 arthroscopy 7 or cholecystectomy
10
; third, these studies have generally studied types of surgery which are at the major end of the scale, and not systematically investigated the cortisol response to surgeries of different severity; and fourth, these studies have not systematically investigated the CBG response to surgeries of different severity, which would be expected to modify the impact of the cortisol response. An appreciation of the expected endocrine stress response to surgeries of varying severity is important as it will further our understanding of the physiological response to controlled trauma, and inform the care of hypoadrenal patients during surgery. The aim of this study was therefore to measure the adrenocortical response to surgeries of varied severity.
| MATERIALS AND METHODS
Local ethics committee approval (London Riverside REC: ref.
14/10/0104) was obtained for this prospective cohort study and all patients provided informed written consent prior to enrolment.
Patients between the age of 18 and 90 years undergoing elective surgical procedures at St Mary's and Hammersmith Hospitals (Imperial College Healthcare NHS Trust) were invited to take part in the current study. Patients were principally recruited from within the departments of endocrine surgery, upper gastrointestinal surgery (including hepatobiliary and pancreatic surgery) and cardiothoracic surgery. All patients underwent general anaesthesia. None underwent surgery with etomidate anaesthesia, which is known to inhibit cortisol biosynthesis.
Patients were excluded from the study if they were known to be hypoadrenal, to be pregnant (confirmed by a positive urine β-hCG test) or if they had consumed any drug within the preceding month which is known to affect the HPA axis or measurement of total serum cortisol, for example oral oestrogens, systemic or topical glucocorticoids.
Serum cortisol was measured at 8 am on the day of surgery, at anaesthetic induction and at 1 hour, 2 hour, 4 hour and 8 hour thereafter. Cortisol (8 am) was then measured daily until post-operative day 5, or discharge, whichever was the earlier. Total serum cortisol was measured using an automated Abbott Architect immunoassay, an assay which has been shown to correlate well to reference GC-MS methods. 11 The precision was ≤10% total coefficient of variation (CV)
for serum samples ≥83 to ≤965 nmol/L, and the limit of detection was ≤22 nmol/L. The cross-reactivity of cortisone in this assay is minimal (2.7% at 1000 μg/dL). after the injection were censored from analysis on the basis that the exogenous steroids would suppress the physiological cortisol response to stress, but the time points prior to the injection were included as these were informative as to the stress cortisol response.
| RESULTS
Ninety-three patients undergoing elective surgery were classified by surgical severity: Major/Major+ (n = 37), Moderate (n = 33) and Minor (n = 23). Patient demographics and a description of the operations performed are presented in Tables 1 and 2 
| Serum cortisol
When all patients were considered, median baseline ( With increasing severity, the time taken to achieve the peak cortisol Twenty-three patients were found to have a maximum serum cortisol response of <480 nmol/L, which is the local threshold for stimu- We also performed a subgroup analysis of patients undergoing cholecystectomies, comparing those that underwent laparoscopic procedures (nine patients) versus those undergoing open procedures (eight patients). The mean ± SD. peak cortisol levels were 563 ± 151 nmol/L vs 690 ± 163 nmol/L, respectively, and not significantly different (unpaired t test, P = .1203). Open transthoracic oesophagectomy 3
| Cortisol-binding globulin and free cortisol indices

Open gastrectomy 2
Open pancreatectomy and splenectomy 2
Distal gastrectomy, duodenal resection, Roux-en-Y bypass 1
Open
Moderate (n = 33)
Open thyroidectomy/thyroid lobectomy 17
Laparoscopic cholecystectomy 9
Open abdominal hernia repair 2
Laparoscopic appendectomy 2
Open deroofing of liver cyst 1 To estimate the free cortisol exposure at each time point, we calculated the free cortisol index (FCI) as the ratio of total cortisol to CBG, a measure that has been shown to correlate well with direct assay of free cortisol. 14 Given that there was an acute rise in total cortisol and a drop in CBG in response to surgery, this led to a rise in FCI ( Figure 4C) starting from anaesthetic induction from a mean of 5.6 ± 2.26 nmol/mg to 12.0 ± 6.9 nmol/mg. We observed a more marked rise in FCI in the Major/Major+ group compared to the Moderate and Minor groups at the 4 hour and 8 hour time points postanaesthetic induction ( Figure 4D ).
| DISCUSSION
This is the first study to systematically measure and stratify the adrenocortical response to surgery of graded severity; we have investigated a much larger cohort of patients than previously studied for this purpose, and deliberately included patients with surgery of Minor/Moderate level. We found that there was a positive correlation of surgical severity with observed peak serum cortisol, suggesting that the more severe the operation, the greater the provoked stress after cardiac surgery does not correlate with changes in cortisol levels. Therefore, the persistence of cortisol elevation may be due to the intrinsic physiological stress of these procedures.
In 1969, Plumpton and Besser examined serum cortisol levels in patients undergoing procedure equivalent to Major/Major+ surgery. In this study, we found, using a Roche ES700 automated ELISA for cortisol, that the mean pre-operative cortisol level was 453 nmol/L, rising to 700 nmol/L post-operatively. 4 The respective ranges for pre- Our study carries two specific implications. Plumpton and Besser's study also showed that responses of cortisol to surgical stress were replicated by insulin tolerance testing (ITT), which uses the physiological stress of a controlled hypoglycaemia, implying that ITT is suitable to assess the ability of potentially hypoadrenal patients to withstand surgical and other stresses. Their data were used to define an acceptable minimum cut-off for peak cortisol during an ITT at 580 nmol/L (21 μg/dL), based on their finding that the minimum cortisol response to ITT was 21 μg/dL and the minimum peak cortisol level observed in their cohort of patients undergoing surgery was 22 μg/dL. This cut-off has persisted over the last 50 years or so, and most endocrine units now use cut-offs for ITT reduced to take account of the positive bias of the fluorometric assay, for example 500 nmol/L 18 (480 nmol/L in our unit). The same peak cortisol standards are in practice used to interpret other tests commonly used for assessing hypoadrenalism such as the short Synacthen test (SST). 19 Our data show that that the minimum peak stress cortisol response to Major/Major+ surgery is 375 nmol/L, suggesting that our perception of the minimum acceptable cortisol response will need to be redefined. In the same vein, El-Farhan et al 11 found that the normative lower reference limit for the peak response to SST using an Abbott Architect assay is 416-430 nmol/L, again redefining standards for the minimum acceptable cortisol response for this test. Our findings suggest that the peak cortisol criteria for evaluating the response to ITT are likely to be lower than the historical cut-offs conventionally used by clinicians, and will need to be revised to take account of the changes in cortisol assay technology over the last 50 years to avoid misclassifying patients as hypoadrenal, and to avoid inappropriate steroid therapy. gery. This is even more concerning when one considers that the CBG falls during surgery, leading to elevated free cortisol exposure.
Our data support a stratified approach to dosing hydrocortisone for surgery. 19, 24 Taking into consideration our data and the abovementioned pharmacokinetic data, we conclude that lower doses, for example 50 mg intramuscularly or intravenously for Major/Major+ surgery, and 25 mg intramuscularly or orally for Minor/Moderate surgery should be able to cater for stress requirements with a safety margin.
Moreover, our finding that the physiological levels of cortisol tend to return to baseline by post-operative day 1 even in Major/Major+ surgery would suggest that hydrocortisone doses could be tapered more rapidly than currently suggested by guidelines. In the case of patients undergoing extended periods of recovery and stress postoperatively, such as those undergoing CABG, a low-dose hydrocortisone infusion can be used to maintain cortisol levels for longer periods of time, adjusted to achieve cortisol levels at around the 400-500 nmol/L range as observed in our cohort. 20 Such a stratified and rapidly tapered approach to supplementation would ideally be tested prospectively to ensure that it was safe and practically feasible.
A limitation of the present study is that it does not include a direct assessment of free cortisol levels, which would ideally be measured using equilibrium dialysis. We did not use equilibrium dialysis as this involves a manual dialysis step, making it impractical in the face of the number of samples analysed in this study. to assess the cortisol response to inform recommendations for replacement in hypoadrenal patients. Third, we have not made a specific assessment of cortisol metabolism during surgery in this study. One previous study has looked at cortisol metabolism after cardiac surgery using the technique of quantification of urinary cortisol metabolites, and found that surgery was associated with elevated ratios of cortisol metabolites to cortisone metabolites, suggesting that there is a relative reduction in 11ß-hydroxysteroid dehydrogenase (11ß-HSD) activity after Major/Major+ class surgery. 30 Serum cortisol:cortisone is substantially increased after cardiac surgery, but this is driven mainly by the increase in cortisol and there appears to be no significant change in cortisone post-operatively, and this phenomenon was speculated to be due to an increase in 11ß-HSD1 (cortisone to cortisol) activity vs 11ß-HSD2 (cortisol to cortisone) activity. 31 It is likely that this phenomenon partly underlies the rise in cortisol that we have observed.
From the perspective of informing the cortisol replacement of patients with hypoadrenalism, this consideration does not affect the principle of providing hydrocortisone at doses to achieve similar cortisol levels to those observed during elective surgery in euadrenal patients.
In summary, our study shows that the stress cortisol responses to elective surgery are positively correlated with the operative severity and that the stress cortisol levels are generally lower than in older studies, but comparable to more recent studies. This suggests that the accepted but historical standards for assessment of hypoadrenal patients during dynamic testing need to be re-evaluated. Pre-operative hydrocortisone doses given to hypoadrenal patients can be reduced from those recommended by some guidelines without compromise to patient safety, to obviate any side effects from overdosage, such as hyperglycaemia, hypernatraemia and superinfection. 
